Introduction
Duchenne muscular dystrophy (DMD) is a genetic disease characterized by progressive skeletal and cardiac muscle deterioration caused by mutations of the structural protein dystrophin. 1 Both DMD patients and mdx mice (that is an animal model of the disease) develop electrocardiogram abnormalities, impaired conduction, arrhythmias, and dilated cardiomyopathy. Due to improvements in healthcare practices DMD patients live longer and cardiac failure is emerging as a more prevalent cause of death. Downstream of the genetic mutation, several signalling pathways related to nitric oxide (NO), calcium, fibrosis, and immunity are altered and converge on deregulated gene expression. 2 mutations, alterations in the downstream signalling cascades, and aberrant gene expression are linked and lead to cardiomyopathy is not completely understood.
In this context NO deficit, which characterizes DMD and arises as a consequence of NO synthase displacement from the dystrophin complex, is particularly relevant because NO is a key signalling molecule that regulates cardiac function through both vascular-dependent effects and modulation of cardiomyocyte contractility/relaxation. Specifically, NO signalling modulates key factors in the mechanism of excitation-contraction coupling such as the ryanodine receptor and phospholamban thus regulating Ca 2þ storage in the sarcoplasmic reticulum. 3 Thus, loss of NO signalling strongly affects calcium homeostasis and cardiac function. In addition, NO deficit is associated with mitochondrial dysfunction and increased reactive oxygen species, which contribute to inflammation, fibrosis and finally to cardiomyopathy development. Interestingly, altered NO availability characterizes not only DMD pathology but also many chronic disorders including hypertension and diabetes. 4 To date there are no therapies to safely and effectively restore NO homeostasis because NO release is stimulus-specific, spatially regulated within the cells and further modulated by multiple interacting proteins. Therefore, the identification of NO mediators/downstream effectors may allow therapeutic intervention to prevent cardiac functional decline.
Our previous studies, focused on skeletal muscle, showed that altered NO signalling in mdx mice induces a deregulated function of lysine deacetylases (KDACs), unbalanced histone protein acetylation and inhibition of differentiation 3, 4 thus providing novel evidence on the epigenetic role of NO. In subsequent studies we found that current spreading in young mdx hearts, which do not display an overt clinical manifestation, was negatively regulated by connexin 43 hyperacetylation. This was due to an increase in lysine acetyltransferase (KAT) activity and specifically that of P300/CBP-associated factor (PCAF). These data support the view that early alteration in the function of enzymes regulating protein acetylation levels may affect cardiac function and trigger the development of dystrophic pathology.
Although our data showed that KAT alteration was, at least in part, mediated by oxidative stress, information on the molecular mechanisms linking NO deregulation to KAT function and the effects on target genes is still missing.
Recently, nucleoporins (NUPs), which span the nuclear envelope and control nucleus-cytoplasm transport, have been described as important regulators of gene expression and chromatin structure. [5] [6] [7] NUPs are involved in physiological processes such as development and differentiation 8, 9 and their dysregulation also emerged as an important determinant in several diseases, 10 including heart dysfunction. 11 Recent studies revealed an interesting correlation between increased Nup160 and Nup153 protein levels with ventricular function in ischaemic cardiomyopathy whereas other studies identified a number of NUP transcripts, including Nup153, as deregulated in dilated cardiomyopathy. 12 However, the functional meaning of increased Nup153 during heart ischaemia 8 or its role in DMD cardiomyopathy is currently unknown. Thus, we tested the hypothesis that Nup153 is a mediator of NO-altered signalling driving epigenetic alterations which contribute to the development of dystrophic cardiac dysfunction.
Through different in vitro and in vivo approaches we established that, following NO deregulation, Nup153 is overexpressed in dystrophic cardiac muscle, is regulated by acetylation and controls a set of genes, such as nexilin (Nexn), versican (Vcan), adrenergic receptor alpha 2a (Adra2), and cAMP responsive element modulator (Crem), involved in cardiac dysfunction. Furthermore, we found evidence that this pathological mechanism translates into induced pluripotent stem cells (iPSC)-derived cardiomyocytes and cardiac biopsies from dystrophic patients.
Methods

HL-1 cardiomyocyte culture and treatments
HL-1 mouse atrial cardiomyocytes were kindly donated by William Claycomb (Louisiana State University, New Orleans) and cultured in complete Claycomb medium.
Cells were treated for 24 h with the following drugs: the NO synthase pan-inhibitors, 7-nitroindazole (7N, 500 lM) or L-NG-nitroarginine methyl ester (LNAME, 5 mM); the KAT inhibitor anacardic acid (AA, 17 lM); hydrogen peroxide (H 2 O 2 , 100 lM); and actinomycin D (ActD, 0.5 lg/mL). Treatment with the PCAF-specific activator pentadecylide-nemalonate1b (SPV106, 25 lM) was performed for 4 h, where indicated cells were treated with LNAME in combination with AA or ActD for 24 h. Nup153 down-regulation was performed by transfecting cells with a mix of three siRNA oligos at 30 nM each (s104224, s104225, s104226; Ambion) in Optimem by siPORT TM NeoFX TM Transfection Agent according to manufacturer's instructions (Thermo Fisher Scientific, Italy). At 48 h post-transfection LNAME was added and samples were incubated for a further 24 h and then collected.
H9c2 culture, transfection, and cardiac differentiation
H9c2 is a clonal ventricular cardiac cell line isolated from embryonic rat ventricles which is commercially available (SIGMA). Myoblasts were maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) supplemented with 10% foetal bovine serum, 4 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. H9c2 myoblasts were transfected with GFP-tagged Nup153 (GFP-Nup153; OriGene) or PINCO-GFP vector as control with lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. Three days after transfection cells were differentiated along the cardiac lineage for 10 days by changing the medium to DMEM supplemented with 1% horse serum and 1 lM retinoic acid (media was renewed every 2 days). Cardiac differentiation was confirmed by analysis of sarcomeric actin expression.
iPSC-derived cardiomyocytes
iPSCs were generated, fully characterized, differentiated into cardiomyocytes and analysed as reported in the Supplementary material online.
DMD human patients
Human DMD and control biopsies were obtained from the Bambino Ges u Children's Hospital IRCCS according to the protocol approved by the Ethics Committee of the Hospital and analysed as described in the Supplementary material online. were used. Mice were randomly divided into groups to receive either AA (5 mg/kg) or the antioxidant compound N-acetylcysteine (NAC, 200 mg/kg) or vehicle (DMSO) for 4 days via ip. At the end of treatments animals were anaesthetized by inhalation of 2-5% isofluorane, sacrificed by cervical dislocation, and tissue collected for both histological and biochemical analyses. Atria were removed and both ventricles were used in all analyses. Doses were chosen according to our previous in vivo studies. 13, 14 2.6 Heart organotypic culture and infection WT and mdx heart organotypic cultures were prepared and cultured as indicated in the Supplementary material online. This ex vivo system allows efficient drug delivery in 300 lm thick ventricle slices while maintaining the physiological cardiac 3D structure. 15 Treatment of slices with the NO donor diethylenetriamine/nitric oxide adduct (DETANO) was performed for 24 h at a concentration of 100 and 500 lM. Lentiviral mediated sh-RNA knockdown for Nup153 was performed using 20 lL of lentivirus (1 Â 10 6 IFU; Santa Cruz Biotechnology sc-41279-V) dissolved in 1 mL of complete 199 medium supplemented with polybrene 5 lg/ mL. Control-shRNA-lentiviral-particles (sc-108080) were used as a negative transduction control. Medium was changed 24 h after transduction and samples processed at 72 h post-transduction.
Animals
Western blot and immunoprecipitation
Western blot (WB) analysis and immunoprecipitation were performed according to standard procedures. Method details are described further in the Supplementary material online.
Patch-clamp recordings
Macroscopic currents flowing through voltage-gated calcium channels were recorded with the patch-clamp technique in the whole-cell configuration as previously described. 16, 17 Further methodological details are described in the Supplementary material online.
Confocal analysis
Heart sections were deparaffinized and microwaved for antigen retrieval in 0.01 M citrate buffer. HL-1, H9c2 cells, or CM-d-hiPSCs were fixed in 4% paraformaldehyde for 10 min and permeabilized (0.1% triton for 10 min). Samples were blocked with 10% bovine serum albumin/PBS, subjected to immunofluorescence as previously described 14 and analysed with a confocal laser scanning system (TCS-SP2; Leica Microsystems). Confocal settings were the same for all examined samples in order to compare fluorescence intensities. Graphics were obtained from the entire stack of images using the 3D plot mode of the Leica TCS-SP2 software. Mean fluorescence intensity was evaluated on the whole stack and corrected for nuclear area. Four to five mice for each group were evaluated and about 200 nuclei were counted in randomly chosen fields by an observer blind to the identity of the samples. Nup153 positive nuclei were expressed as percentage of total nuclei identified by 4 0 ,6-diamidin-2-fenilindolo (DAPI) staining.
Cardiotoxicity quantitative polymerase chain reaction array
Gene expression analysis was assessed by cardiotoxicity quantitative polymerase chain reaction (qPCR) array (SABiosciences, Qiagen) as indicated in 18 and in the Supplementary material online.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as previously described 3, 19, 20 using specific antibodies to Nup153 (Santa Cruz, polyclonal), p300 (Santa Cruz, polyclonal) and acetylated histone H3 lysine H3k9Ac (Abcam, monoclonal), normal IgG (Santa Cruz) or no antibody (NoAb) served as negative control. DNA fragments were recovered and analysed by quantitative reverse transcriptase PCR with ABI Prism 7500 PCR instrument as previously described. 3 Nexn, Vcan, CycB1, and Kat8 promoter primer sequences used for ChIP are as in the Supplementary material online and ref 20.
RNA extraction and real-time PCR analysis
Total RNA was extracted using TRIzol Reagent (Invitrogen) following the manufacturer's instructions. cDNA preparation and real-time PCR conditions were performed as described previously. 19, 20 Primer sequences are indicated in the Supplementary material online. For calcium channel analysis, primers and PCR conditions were as in ref 21.
KAT activity
The KAT assay was performed according to the manufacturer's instructions (Biovision colorimetric kit). HL-1 cells or hearts were homogenized in lysis buffer and 100 lg protein from total extracts was used. Nup153, p300-or PCAF-associated KAT activities were evaluated after immunoprecipitation of the samples with the specific antibodies as described in the Supplementary material online.
Statistics
Data are expressed as mean of independent experiments 6 standard error of the mean (S.E.M.). Significance in normally distributed samples was calculated using a two-tailed t-test and one-way analysis of variance (ANOVA) followed by post hoc tests [Student-Newman-Keules (SNK)] for multiple comparison. In the other cases non-parametric tests were applied. P-values of <0.05 were considered as significant in all tests. For all analyses, the observer was blind to the identity of the samples.
Results
Nup153 protein expression is altered in mdx cardiomyocytes and depends on the availability of NO
Evaluation of Nup153 protein expression in mdx heart revealed that it was up-regulated compared with normal controls as demonstrated by confocal ( Figure 1A -C) and western blot analyses ( Figure 1E ). Counterstaining with a-sarcomeric actin was used to provide a better visualization of cardiomyocytes. Consistently, the number of Nup153expressing nuclei was higher in mdx cardiomyocytes than in controls ( Figure 1D ). To check whether the constitutive deficiency of NO that characterizes DMD 22 played a role in the altered Nup153 expression, heart organotypic cultures were treated with the NO donor DETANO (100 or 500 lM) for 24 h. DETANO treatment, at both doses, normalized Nup153 levels in organotypic slices obtained from mdx mice ( Figure  1F) . Notably, the 500 lM DETANO treatment also lowered Nup153 protein in normal heart slices ( Figure 1G . . . . . . . . . . . in WT and mdx hearts as well as in LNAME-treated HL-1 cells compared with controls ( Figure 1J ).
Nup153 levels are regulated by protein acetylation
HL-1 cells were treated with the PCAF activator SPV106 and compared with cells treated with LNAME or H 2 O 2 . Figure 2A and B shows that Nup153 protein level was similarly increased in all these conditions. On the contrary, exposure of HL-1 to the KAT pan-inhibitor AA counteracted Nup153 protein stabilization induced by LNAME ( Figure 2C and see Supplementary material online, Figure S1A ). As these data indicated that the modulation of KAT activity affected Nup153 protein level, we tested the hypothesis that protein acetylation might be directly involved in the NO-dependent regulation of Nup153 protein level. Protein immunoprecipitation experiments indicated that, under NO deprivation or in the presence of H 2 O 2 , Nup153 lysine acetylation was higher than in control conditions ( Figure 2D) . Notably, NO deprivation for 24 h increased the KAT activity in vitro (Figure 2E , 1.9-fold increase vs. controls).
Consistently, the acetylation level of Nup153 was higher in the hearts of mdx mice than in normal controls as demonstrated by IP ( Figure 3A) . This observation was paralleled by an increased association of Nup153 with PCAF and p300 ( Figure 3B) and an increment of KAT activity specifically associated with Nup153 ( Figure 3C) .
As protein acetylation level is regulated by the balanced activity of KAT and KDAC family members, we also investigated the binding of Nup153 to HDAC5, a Class IIa KDAC which is functionally altered in mdx skeletal muscles and known to be activated by NO. 3 Remarkably, in our experimental conditions Nup153-HDAC5 association was reduced in mdx hearts ( Figure 3B) .
To investigate the effect of lysine acetylation on the expression of Nup153 protein, mdx mice were treated with AA. Western blot analysis showed that Nup153 levels were reduced in mdx mice following AA treatment for 4 days ( Figure 3D and see Supplementary material online, Figure S1B ). Interestingly, the antioxidant compound NAC produced similar results suggesting that oxidative stress contributed to the stabilization of Nup153 protein (see Supplementary material online, Figure S1B ).
Remarkably, KAT basal activity, which was elevated in mdx hearts, was partially reduced when Nup153 was down-regulated by sh-Nup153 lentivirus transduction in the organotypic culture system ( Figure 3E) . Similarly, PCAF-and P300-specific KAT activities were decreased in Nup153-silenced mdx samples in comparison to mdx ( Figure 3F and G).
Nup153 regulates genes involved in cardiac remodelling
To understand the putative role of Nup153 as regulator of gene expression in response to NO deficit, Nup153 was silenced in HL-1 cells in the presence or absence of LNAME (24 h treatment) and the expression of 84 key genes involved in cardiac injury was profiled by a qPCR array. In this experiment, LNAME induced an up-regulation of a specific sub-set of genes (37/84 genes; P < 0.05) that was counteracted by Nup153 silencing (36/37 genes), suggesting that Nup153 is a positive gene modulator during NO deprivation (see cluster, Supplementary material online, Figure S2A ). The LNAME-and Nup153-dependent regulation of selected genes including Nexn, Adra2, and Vcan was further validated by qPCR in independent sample preparations (see Supplementary material online, Figure S2B and C).
Additional experiments revealed that the LNAME-dependent increase in Nexn transcript was abrogated by co-treatment with the transcription inhibitor ActD ( Figure 4A) . Although recent data indicate that Nup153 may associate with actively transcribed genomic regions in Drosphila, 23 the chromatin binding of Nup153 to specific genes has not been demonstrated in mammals yet. In this context, ChIP experiments showed that the recruitment of Nup153 to chromatin and the acetylation of histone H3 lysine 9 (H3k9ac) was increased on Vcan and Nexn promoters in the presence of LNAME ( Figure 4B) as well as on the K(lysine) acetyltransferase 8 (Kat8) promoter which acted as a positive control ( Figure 4C ). 24 CycB1, whose mRNA was not modulated by LNAME ( Figure 4D) , was used as a negative ChIP control. On this promoter, a similar Nup153 recruitment and H3k9ac enrichment occurred in control and LNAME-treated HL-1 cells ( Figure 4C) . Accordingly, LNAME treatment significantly increased Nexn mRNA levels ( Figure  4D) . Notably, Nup153 silencing ( Figure 4E) reduced Nexn protein basal levels, prevented the LNAME-dependent Nup153 protein increase, and counteracted nexilin protein up-regulation ( Figure 4F) . Similar results were obtained with versican, another Nup153-regulated gene identified by in vitro screening (see Supplementary material online, Figure S3 ). RNA expression analysis of Vcan, Crem, Adra2, and Nexn showed that these genes were up-regulated in the hearts of dystrophic mice compared with controls ( Figure 5A) . In mdx hearts, confocal microscopy revealed that, in association to the increased protein levels, nexilin was characterized by an irregular distribution along sarcomeres ( Figure 5B) . Interestingly, the uneven distribution of nexilin in mdx hearts paralleled two other sarcomeric proteins actinin and myosin heavy chain ( Figure  5B) .
To assess the capability of Nup153 to transcriptionally regulate Nexn expression in mdx hearts, we performed ChIP experiments. Figure 5C shows that in mdx hearts Nup153 was present on the Nexn promoter concurrently with the recruitment of p300 on the same region. Analysis of control genes revealed, as expected, that Nup153 binding to the Kat8 promoter 24 was higher in mdx hearts, whereas binding to the CycB1 promoter was at similar levels in WT and mdx hearts ( Figure 5C ). To address whether Nup153 could have a functional role in Nexn gene expression, organotypic slices of mdx hearts were infected with a sh-Nup153 lentiviral vector to down-regulate the protein or a GFP-control lentivirus and analysed 72 h later. The integrity and viability of the cardiac slices, evaluated by cardiac protein expression and metabolic activity, Figure S4 ). In Nup153-silenced mdx organotypic cultures, nexilin protein was reduced to normal levels ( Figure 5D ). Consistently, Vcan and Adra2 mRNA expressions, which were up-regulated in mdx hearts, were normalized after Nup153 sh-interference in organotypic cultures. These observations lend further supporting evidence of a positive transcriptional regulatory role for Nup153 in dystrophic hearts ( Figure 5D ).
Nup153 overexpression increases the expression and function of voltage-gated calcium channels
To determine the effects of Nup153 on voltage-gated calcium (Ca v )1 channels in the absence of other alterations that characterize mdx cardiomyocytes, macroscopic Ba 2þ currents were measured in embryonal ventricular H9c2 cells differentiated towards the cardiac phenotype and overexpressing either a Nup153-GFP vector or an empty-GFP vector ( Figure 6A) . Cells overexpressing Nup153, identified by fluorescent microscopy, showed increased total Ba 2þ current densities at 0 mV ( Figure 6B and C) compared with GFP þ cells suggesting that Nup153 increased high-voltage-activated (HVA) Ca 2þ currents. To determine the effect of Nup153 on Ca v 1 channels, Ba 2þ currents were recorded before and after the application of 5 lM nifedipine (a calcium channel blocker). As shown in Figure 6B and C, the Ca v 1 current was increased in Nup153 overexpressing cells compared with GFP controls. Electrophysiological findings were supported by western blot analysis showing increased expression of the cardiac a 1C subunit of the heteromeric Ca v 1.2 channels in H9c2 cells overexpressing Nup153 ( Figure 6D) . As electrophysiological recordings showed a nifedipine-resistant HVA current, we performed PCR experiments in differentiated and proliferating H9c2 cells to determine the expression of a 1 subunit mRNAs from different HVA channels that could potentially contribute to the recorded currents. We found, however, that H9c2 cells only expressed a 1C (Ca v 1.2) subunit mRNA whereas a 1A (Ca v 2.1) and a 1B (Ca v 2.2) mRNAs were not found (see Supplementary material online, Figure S5 ). Although these cells also expressed the a 1G (Ca v 3.1) subunit, no detectable low-voltage-activated (LVA) current was recorded under this experimental condition suggesting that no 'functional' LVA channels are expressed.
Nup153 is altered in dystrophic CMs-d-iPSC and in cardiac biopsies from DMD patients
To investigate whether alterations in Nup153 expression and function occur in human cardiomyocytes from Duchenne (DMD) and Becker (BMD) patients, we took advantage of iPSC technology. Specifically, dystrophic and control cardiomyocytes were successfully derived from iPSCs (CMs-d-iPSCs), as evidenced by positive cardiac troponin T type 2 staining ( Figure 7A and see Supplementary material online, Figure S6A ), while maintaining a dystrophic phenotype as assessed by dystrophin expression and evaluation of the percentage of abnormal nuclei, that is a cell death marker associated with dystrophic cardiac disease 25 (see Supplementary material online, Figure S6B-D) . Figure 7B shows that Nup153 protein is expressed at higher levels in both DMD and BMD CMs-d-iPSCs compared with control CMs-d-iPSCs. Interestingly, the CMs-d-iPSCs obtained from BMD revealed the highest increase in total Nup153 expression paralleled by a diffuse nucleoplasmic localization ( Figure 7C and D) . Additional experiments performed on cardiac biopsies revealed that DMD patients, with cardiac dysfunction, showed very high levels of Nup153 protein and uneven nexilin intracellular distribution compared with non-dystrophic controls as assessed by confocal analysis (Figure 7E) . In a separate set of control and DMD patients, we confirmed this trend regarding the overexpression of Nup153 and nexilin by western blot and increased levels of acetylated Nup153 by IP ( Figure 7F  and G) . 
Discussion
This work provides novel insights into epigenetic mechanisms regulated by NO in the dystrophic heart. In particular, we found that NO-altered signalling affected Nup153 function inducing its association with the lysine acetylases PCAF and p300. Consequently, Nup153 was hyperacetylated in the dystrophic heart imparting important consequences on gene expression possibly through the formation of Nup153-dependent chromatin binding complexes on target promoters. These key findings are summarized in Figure 8 .
Novel mechanism of Nup153 regulation in mdx hearts
A proteomic study previously identified several nuclear transport proteins, including Nup153, as target of acetylation in a number of cancer cell lines. 26 Here we report, for the first time, that this post-translational modification regulates Nup153 protein level in response to NO and oxidative stress. Importantly, acetylation of non-histone proteins, such as transcription factors and co-activators/repressors may regulate their protein stability/degradation, DNA-binding affinity, the transactivation potential, and interactions in the macromolecular complexes relevant for pathophysiological processes. 27 It is worth noting that Nup153 silencing significantly reduced PCAFand p300-specific activities suggesting the presence of a bidirectional regulatory mechanism. Thus, in addition to being an acetylation substrate, Nup153 may play a role in the functional regulation of these epigenetic enzymes. Overall, stress-mediated Nup153 changes may sustain the ongoing aberrant epigenetic mechanisms which characterize the dystrophic heart. Although our data provide novel insights into the importance of acetylation in Nup153 protein regulation, we cannot exclude that other mechanisms may coexist. In fact, Nup153 has also been shown to be regulated by miR-155 28 as well as by post-translational modifications such as SUMOylation 29 and phosphorylation. 30 
Role of Nup153 on cardiac gene expression
Although the regulatory role of NUPs on gene expression is well established, at least for cell cycle and developmental genes, less clear points are how they bind to the specific gene loci and which are the co-factors mediating this function. Several lines of evidence in yeast indicated that chromatin association with NUPs can be mediated by KATs. 31 Our experimental observations showed that KATs are indeed binding partners of Nup153 in the heart of dystrophic mice and that these proteins co-exist on the same promoter regions, thus providing important information on gene regulatory mechanisms. Remarkably, the expression of Vcan, Adra2, Nexn, and Crem, genes implicated in cardiac function regulation, was deregulated in the presence of acetylated Nup153 in 5-month-old mdx mice lacking clinically relevant cardiomyopathy manifestations. Although the contribution of these genes to dystrophic cardiomyopathy is to date unknown, our findings suggest that early alteration of these genes could indeed trigger a pathological programme of cardiac remodelling. In fact, Vcan, a major component of the extracellular matrix, plays a central role in tissue morphogenesis and is involved in the transition from acute and chronic cardiac damage to ischaemic cardiomyopathy. 32 Alphaadrenergic receptors, such as Adra2, are G-protein-coupled receptors activated by catecholamines, whose activation in cardiomyocytes affects intracellular Ca 2þ reuptake by the sarcoplasmic reticulum Ca 2þ -ATPase thus influencing cardiac contractility. 33 The overexpression of the transcription factor Crem, which regulates transcription in response to cAMP and other signalling pathways, 34 leads to Ryanodine receptormediated calcium leak and atrial fibrillation. 35 Finally, the altered expression and distribution of a sarcomeric-associated protein such as nexilin, whose mutations are involved in both hypertrophic and dilated cardiomyopathy, 36, 37 may contribute to the progressive myofibrillar disarray and derangement which lead to cardiac functional impairment in DMD.
Nup153 and calcium channel function
Multiple alterations co-exist in dystrophic cardiomyocytes all affecting calcium handling. 38 Our data performed in H9c2 cardiomyocytes overexpressing Nup153 clearly identified a role for the protein in the regulation of the expression and function of Ca v 1 (i.e. L-type) channels. These findings may provide at least one mechanism for dystrophin-related calcium channel abnormalities which are at the basis of arrhythmias. Of note, we also found that this cell line which is of embryonic origin showed a nifedipine-insensitive HVA current that we attributed to a nifedipine-resistant Ca v 1 channel isoform. Indeed, these channels have been shown to be developmentally regulated and expressed in neonatal ventricular rat cardiomyocytes, such as H9c2, and in adult cardiomyocytes undergoing dedifferentiation in vitro. 39 
Validation in human patients
It is remarkable that increased Nup153 protein expression and acetylation as well as an altered nexilin level and distribution could be found in human DMD biopsies. Consistently, the Nup153 deregulation characterized in human CMs-d-iPSC generated from both BMD and DMD dystrophic patients highlighted the presence of a cell-autonomous defect associated with dystrophin deficiency. However, there is evidence suggesting that cardiac dysfunction may be more pronounced in BMD patients due to increased demands upon the heart caused by longer ambulation times and the ability of shorter dystrophin isoforms to partially substitute for full-length dystrophin in BMD. 40, 41 Thus, our results showing higher levels of Nup153 in BMD CMs compared with those of DMD CMs are remarkable as it may provide evidence of a cardiomyocyte-associated pathophysiological mechanism more pronounced in BMD. However, caution should be used when interpreting these data because a limited number of samples was available for analysis. Future experiments including more patients' samples will be necessary in order to explore this hypothesis in greater detail.
Study considerations and conclusions
Although further investigations are required to better link the gene expression deregulation to the pathological outcome in human and mice models, and to understand whether direct Nup153 modulation may prevent cardiac dysfunction, our data suggest that Nup153, controlling the expression of genes implicated in cardiac contractility and/or calcium handling, may have a role in the onset of the deterioration of dystrophic heart function.
In summary, this work indicates Nup153 as a sensor of the altered NO signalling pathway with important epigenetic consequences for gene expression in the dystrophic heart. The evidence that NO can regulate Nup153 level also in normal hearts and that Nup153 is altered in other cardiac pathologies 12 characterized by NO deficit suggests that this protein is a broad mediator of NO signalling and oxidative stress. Consequently, Nup153 may represent a valuable therapeutic target for all cardiac diseases related to NO dysfunction not limited to muscular dystrophy.
Figure 8
Cartoon illustrating the proposed role of Nup153 in dystrophic heart. In the healthy heart, NO signalling maintains low level of acetylated Nup153 favouring Nup153-HDAC5 interaction and reducing the downstream target gene activation. In the dystrophic heart, NO-altered signalling affects Nup153 function inducing its association with the lysine acetylases PCAF and p300 and increasing its acetylation level. In this context, Nup153-regulated complexes may control pathological gene expression possibly through the binding on target promoters (Nexn, Crem, Adra2, Vcan).
Nup153 links chromatin to dystrophic cardiomyopathy
